Nucleic acid detection with high sensitivity and selectivity capabilities could aid in the diagnosis of varies diseases such as: infections, cancer, among others. Discrimination of a mismatch or single nucleotide substitution (SNS) is challenge due to a minimum pair to pair formation double strand needed to stabilize the structure. Here we present a new approach to atinge the needed stability by using additional segments strains to favored stabilization. The use of additional complementary strains facilitates the discrimination of a SNS in a cooperative way.
Introduction
The World Health Organization (WHO) identifies infectious diseases as a major global health issue. [1] [2] [3] . This continued threat is due to the emergence of new diseases and antibiotic resistant bacteria and the rapid dissemination of these diseases due to overpopulation and globalization. [4] To address these threats, fast, affordable, and reliable diagnostic tools are needed. Detection of single nucleotide substitutions (SNS) can differentiate between pathogenic and nonpathogenic bacteria. Pathogenic E. coli strains-O157:H7 exhibit 99% genome identity to nonpathogenic K12 strains. Nucleotide alignments reveal that 16S rRNA sequences have 9 SNS between the two strains.
State-of-the-art sensors for nucleic acid detection fail to detect these SNS, especially at ambient temperatures and when buried in the secondary (folded) structure that is characteristic of ribosomal RNA (rRNA) [5] [6] [7] . Nucleic acid amplification tests (NAATs) offer high sensitivity and rapid results [8] [9] [10] but they are prone to contamination, frequently produce false-positive results and require technical expertise.
Here, we propose to develop a point-of-care (POC) platform based on a self-assembling binary DNA approach [11, 12] . Two hybrid intermediary strands will be designed such that half of each strand is complementary to the target nucleic acid and the other half complementary to a universal DNA probe that is immobilized on a solid surface. Self-assembly of these components along with the target rRNA will result in formation of a 4J structure. A redox marker covalently attached to an intermediary strand allow formation of the 4J structure to be monitored by electrochemical detection (4J E-biosensor).
The ideal POC sensor for bacterial pathogens will exhibit a signal in the presence of pathogenic bacteria and distinguish between closely related, non-pathogenic species. Binary probes exhibit excellent selectivity and can differentiate SNS in DNA strands [13] [14] [15] . We will use the high selectivity of binary probes to solve the challenging task of differentiating between two E. coli strains-O157:H7 and K12. Sequences of 16S and 23S rRNA from these two strains are 99% identical. The alignment data show that the 16S and 23S rRNA only exhibit 9 and 15 SNS between the two strains, respectively. There are 2 SNS clusters containing either two or three nucleotide variations in 23S rRNA, providing target regions to differentiate between the two strains [16] .
Recent work by the PI and CoPI has demonstrated for the first time a single probe that universally recognizes DNA and RNA, differentiates between SNS at room temperature and uses an electrochemical transducer. The platform was adapted from the 4J molecular beacon approach proposed and investigated by the CoPI. This platform utilizes a hairpin DNA stem-and-loop (SL) probe attached to a gold electrode through a thiol bond (Fig. 1) . Two adaptor strands, m and f, are introduced during hybridization. The m-strand is covalently bound to an electrochemical redox marker, methylene blue (MeB). The DNA-SL probe is stable in its hairpin conformation in the absence or presence of the target and hybridizes to form a 4J architecture only when the adaptor strands are present. The electrochemical signal is generated by the electron transfer (eT) between the MeB redox marker on the m-strand and the electrode's surface. Electrochemical methods combined with highly selective recognition elements can revolutionize real-time and on-site biosensing applications towards POC. Hairpin DNA probes, which consist of a SL structure, offer high selectivity when compared to their corresponding linear probes [17] , allowing for the distinction between targets that differ by a SNS [18, 19] . Kramer et al. introduced a molecular beacon approach [20] , which optically monitored a hairpin DNA probe containing a fluorophore on one end and a quencher on the other end ( Fig. 2A) . Fan et al. [21] adapted this approach for electrochemically detection by replacing the fluorophore with a redox marker (electroactive reporter), ferrocene, while covalently attaching the probe's other end to a gold electrode via a thiol bond (Fig. 2B) . In this configuration, the electroactive species is near the electrode, facilitating a high rate of eT. Upon hybridization, the distance between the electroactive species and the electrode greatly increases, resulting in a low eT rate (signal decrease).
Figure 2: A) Schematic diagram of molecular beacon (MB) and B) E-DNA biosensor.
The seminal work of Fan et al. [21] opened the door to SNS differentiation using hairpin DNA-SL probes with electrochemical transducers. Although SNS differentiation was possible using this approach, the electrochemical sensor operated as a signal OFF upon hybridization. The primary drawbacks of the signal OFF sensing platform include i) false positive responses caused by interactions other than the target binding [21, 24] and ii) limited signal since the original signal current can only be suppressed up to 100%, upon hybridization with the target.
These limitations could be addressed by designing a signal ON sensing platform. Different approaches were proposed for signal ON, including the use of DNA-PEG-DNA triblock macromolecule [25] , a target-induced strand displacement mechanism [26] and sensors based on hairpin DNA-SL probes [27] [28] [29] [30] . However, these signal ON sensing platforms produce a nonzero background signal in the absence of the target. Since the redox marker could be in sufficient proximity to the electrode. In contrast, the proposed 4J architecture integrated onto an electrode displays zero background signal, since the hairpin DNA-SL probe does not contain a redox marker. Instead, the electroactive species is covalently bound to the end of one adaptor strand. The eT is observed only upon hybridization to form the 4J architecture, offering a signal ON sensing platform with zero background signal. Targets that form stable secondary structures are unlikely to hybridize with the DNA-SL probe because unfolding both the target and the probe is thermodynamically unfavorable [5] [6] [7] 31] . The 4J system approach proposed here will address this challenge by using two intermediaries adaptor strands, resulting in a thermodynamically favorable hybridization between the hairpin DNA-SL probe and the folded target (Fig. 3B) . Detection of the folded target is possible due to the presence of the intermediary adaptor strands that aid in opening the hairpin DNA-SL probe and the folded target as studied by the PI and the CoPI (accepted manuscript for publication). Consequently, the 4J E-biosensor can detect both folded and unfolded targets, increasing the applications of this system.
The proposed fundamental study of the 4J system approach is necessary to engineer a POC device for differentiation of SNS in folded and unfolded nucleic acids. Such a device could present valuable applications in environmental, food safety, clinical diagnostics, and national defense [32] [33] [34] . There is a particular interest to detect rRNA to aid in diagnosing bacterial infections. The WHO report that about five million people die annually from lower respiratory infections, diarrheal diseases and tuberculosis [1] . A variety of techniques for rRNA detection have been reported, such as northern blotting [35] [36] [37] [38] , PCR [39] [40] [41] [42] [43] , and fluorescence [44] [45] [46] . However, these methods are prone to contamination, require skilled personnel, and lack the portability necessary for POC diagnostics [47] . Electrochemical methods have been recently explored as an alternative approach [24, 30, [48] [49] [50] [51] since they have greater potential for on-site testing while offering fast, simple, portable and inexpensive detection [52] [53] [54] . 
Results
Sequence descriptions can be found in Table 1 . The concentration of the DNA-SL probe during immobilization on the electrode's surface was optimized and analyzed upon hybridization. Fig. 5A shows that the current density maximized at a probe concentration of 0.1 μM, resulting in a surface density of 2.72x10 11 molecules/cm 2 . Furthermore, the concentrations of m and f1 adaptor strands were varied simultaneously in equimolar concentrations (0.10, 0.25, 0.50, 0.75, 1.0 µM). As seen in Fig. 5B , the current density increases as the concentrations of adaptor strands (m-10T-MeB and f1) increase, reaching a maximum at 0.75 µM. Sensor selectivity was studied with a target containing a SNS (see sequences in Table 1 ). As observed, the current density was negligible (Fig. 6 left-c) when compared to the fully matched target at the same concentration (50 nM; Fig. 6 left-b) . Furthermore, even when the target containing a SNS was used in four-fold excess (200 nM) the current density remained negligible (Fig. 6 left-d) , thus reflecting the capability of the 4J E-biosensor to detect a fully matched target even in excess amount of a single base mismatched nucleic acid, a property important in practice. 55 It is also worst notice to highlight that the m strand by itself along with the target does not hybridize as zero signal is observed as shown in Fig. 6 right (blue line). Sensor regeneration. It is known that DNA-based sensors comprised of a linear probe and a fully matched target can be regenerated by the addition of external stress, such as heating the duplex hybrid to its respective melting temperature, or by changing pH to drastic conditions [50] . In contrast, Lubin et al. [58] reported the regeneration of a signal OFF DNA-SL probe sensor by rinsing with water for 30 s. This is most likely due to the DNA-SL probe configuration, which thermodynamically favors a hairpin configuration vs. the duplex hybrid. Similarly, the 4J structure has been shown to dissociate at room temperature after rinsing with water. This dissociation indicates a unique instability of the 4J complex in the absence of ions, most likely Mg 2+ , which are known to provide stability to DNA 4J structures. [59] Thus, the 4J E-biosensor was reused up to 7 times after the original hybridization with over 97% recovery (Fig. 7) . Sensor response. Since the 4J E-biosensor was able to withstand regeneration, calibration curves were performed using the same sensor (Fig. 8) . Follow each hybridization event, the sensor was rinsed for 30 s. with water and used for the next target concentration. The current density increased with increasing concentrations of miRNA-122 from 5 to 75 nM as shown in Figure 9A . The linear dynamic range (LDR) was from 5 to 50 nM and the response became nonlinear beyond the upper level, indicating sensor saturation. The limit of detection (LOD) was calculated to be 3.2 nM. The target-binding arms of the adaptor strands m and f can be changed to tailor the sensor to each new target sequence using one optimized DNA-SL probe, providing a unique universal sensing platform. The sensor was incubated with a target DNA (T-DNA) sequence using the same DNA-SL probe to investigate the ability to detect other nucleic acids along with adaptor strands m-10T-MeB and f2 (sequences in Table 1 ). As seen in Fig. 9B , the current density increased with increasing concentrations of T-DNA from 5 to 75 nM. The LDR was from 5 to 50 nM and the response became nonlinear beyond the upper level. The LOD was calculated to be 500 pM.
Conclusions
Here it was demonstrated that the 4J E-biosensor was successfully used for RNA and T-DNA detection using the same DNA-SL as a universal probe. Regeneration of the sensor was possible with simple rinse with water. Multiple analytes can be detected with one single probe, increasing the potentability for commercialization. 
